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The electron transport layer (ETL) plays a fundamental role in perovskite solar cells. Recently, graphene-based ETLs
have been proved to be good candidate for scalable fabrication processes and to achieve higher carrier injection with re-
spect to most commonly used ETLs. In this work we experimentally study the effects of different graphene-based ETLs
in sensitized MAPI solar cells. By means of time-integrated and picosecond time-resolved photoluminescence tech-
niques, the carrier recombination dynamics in MAPI films embedded in different ETLs is investigated. Using graphene
doped mesoporous TiO2 (G+mTiO2) with the addition of a lithium-neutralized graphene oxide (GO-Li) interlayer as
ETL, we find that the carrier collection efficiency is increased by about a factor two with respect to standard mTiO2.
Taking advantage of the absorption coefficient dispersion, we probe the MAPI layer morphology, along the thickness,
finding that the MAPI embedded in the ETL composed by G+mTiO2 plus GO-Li brings to a very good crystalline
quality of the MAPI layer with a trap density about one order of magnitude lower than that found with the other ETLs.
In addition, this ETL freezes MAPI at the tetragonal phase, regardless of the temperature. Graphene-based ETLs can
open the way to significant improvement of perovskite solar cells.
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I. INTRODUCTION
In the last decade, hybrid organic-inorganic materials with
the perovskite structure, most notably CH3NH3Pb(I,Cl)3,
have become the most promising light-harvesting active layer
for the implementation of high efficiency and low cost so-
lar cells1–8. As a matter of fact, the power conversion effi-
ciency of perovskite solar cells (PSCs) has shown a very fast
growth, increasing from 3.8%9 in 2009 to 22.1%10 in 2016.
The ease of fabrication and the high radiative efficiency have
made perovskites also extremely attractive for the develop-
ment of bright LEDs and lasers11–14.
Nevertheless, a major drawback originates from the poor
material stability3,15: decomposition after exposure to mois-
ture, cracks and defects generated by thermal stresses, crys-
tal phase transition, UV-light exposure represent the principal
causes of aging3,15. Moreover, a high density of trap states,
both on surfaces and in grain boundaries3,16–18, are present in
polycrystalline perovskites, used for solar cells and light emit-
ters. Indeed, even though theoretical predictions show that
deep trap states are not generally formed inside perovskites
grains, the opposite is observed at the grain boundaries and
at the surfaces3,19. Therefore, sophisticated passivation strate-
gies are essential for increasing the efficiency of PSCs and
light emitters19–22.
a)Corresponding author: anna.vinattieri@unifi.it
For CH3NH3PbI3 (MAPI) perovskites, a correlation be-
tween the solar cell efficiency and the grain morphology was
recently demonstrated23. Results of local short-circuit pho-
tocurrent, open-circuit voltage and dark drift current within
individual grains correlate these quantities to different crys-
tal facets, as a consequence of a facet-dependent density of
trap states24 and it was also proven that the structural order
of the electron transport layer (ETL) impacts the overall cell
performance23. Moreover, the nature of grain boundaries was
shown to affect the carrier recombination kinetics because of
non-radiative pathways that would also play a role in the pro-
cess of charge separation and collection22.
It turns out that the possibility of controlling the morphol-
ogy of the perovskite thin film and the understanding if differ-
ent realizations of the ETL can modify the morphology of the
grains are of the utmost relevance to further improvements of
perovskite based solar cells.
Recently, graphene and related two-dimensional materi-
als have been introduced in the device structure in order to
improve the charge injection and/or collection at the elec-
trodes: an enhancement of the power conversion efficiency25
and a long-term stability26 was obtained. As a matter of
fact, interfaces between perovskite and transport layers have
been recently demonstrated to dramatically affect the charge
recombination processes and material instability within the
working device.27 In fact, when free charges are fast in-
jected from perovskite to the electron transport layer, the
perovskite degradation is slowed down and the non-radiative
recombination is reduced28. In particular, the insertion of
graphene flakes into the mesoporous-TiO2 layer (mTiO2) and
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2of lithium-neutralized graphene oxide (GO-Li) as interlayer
at perovskite/mTiO2 interface showed enhanced conversion
efficiency and stability on both small and large area devices
by demonstrating the crucial role of graphene interface engi-
neering in perovskite-based devices29. Thus, the influence of
mesoscopic-graphene modified substrates onto the perovskite
film need to be investigated more in details to finely control
the photovoltaic performance of complete devices.
Given the typical size of the grains (a few hundreds of
nanometers), high resolution techniques as TEM (Trans-
mission Electron Microscopy), AFM (Atomic-Force Mi-
croscopy), SNOM (Scanning Near-field Optical Microscopy),
etc. are employed to investigate the grain morphology but
a difficult task is to correlate physical properties at the
nanoscale with the device performance measuring, for in-
stance, the I-V curve of the cell24. Thus, it would be of
extreme relevance to extract information on the active film
morphology with much easier techniques on a length scale
of tens/hundreds of microns and even larger so to assess the
homogeneity of the film deposition and the reliability of the
synthesis protocol and post-deposition treatments. Moreover,
the high spatial resolution analysis can explore a limited thick-
ness of the film, and therefore it appears difficult to get infor-
mation in the case of a real device. Photoluminescence (PL)
spectroscopy is an effective tool to investigate the film quality:
in fact, from the comparison of samples with different ETLs,
it is possible to extract quantitative information on the carrier
capture and transport and, by the spectral shape, identify the
crystalline phase of the active layer and evaluate the density
of traps/defects. Moreover, given the limited thickness (few
hundreds of nm) of the perovskite film in solar cells and given
the steep behavior of the absorption coefficient in MAPI30, by
varying the excitation wavelength in the range 300-700 nm, it
is possible to probe thicknesses of the film from a hundred of
nm to the whole film layer.
In this paper we aim to establish the effects of different
graphene-based ETLs in sensitized MAPI solar cells. In par-
ticular we will study the ETL effects on the carrier collection
efficiency and on the MAPI morphology along the thickness.
By picosecond time-resolved measurements we correlate the
carrier recombination dynamics to the crystalline quality of
the active material in presence/absence of the ETL. We will
find an increase of the electron collection efficiency up to a
factor 3 with respect to standard mTiO2. Taking advantage of
the absorption coefficient dispersion, we are able to assess the
film morphology along the thickness. In fact, by tuning the
excitation wavelength, we investigate a thickness range from
150 to 400 nm and we can highlight the morphology changes
induced by different ETLs. Our results will indicate that,
when a graphene doped mesoporous TiO2 (G+mTiO2) with
the addition of a GO-Li interlayer is used as ETL, the mor-
phology of the MAPI film embedded in the mesoporous layer
is frozen in the tetragonal phase, regardless of the tempera-
ture. In addition, the defect concentration is about one order
of magnitude lower than that found with the other ETLs.
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FIG. 1. Structures of the investigated samples. The ETLs are indi-
cated in red.
II. RESULTS AND DISCUSSION
Four types of samples were prepared using different combi-
nations of ETLs: mTiO2, G+mTiO2, mTiO2 plus GO-Li inter-
layer and G+mTiO2 plus GO-Li interlayer. The different sam-
ple structures are schematically shown in Fig. 1 and listed in
Tab. I. For clear comparison a sample of MAPI on FTO with-
out ETL (reference sample) was also investigated. Details on
the sample preparation are reported in the Experimental Sec-
tion. It is worth noting that PL analysis was carried out on
simple photo-electrodes, lacking of the hole collecting layer
and the bottom contact: this allows us to focus only on the
electron collection and transport after the electron-hole pairs
creation due to the photon absorption. Moreover, PL experi-
ments can be realized illuminating the samples either from the
perovskite film side (side A) or the FTO side (side B). Vary-
ing the excitation wavelength and the excitation side, we can
differently penetrate into the MAPI film and selectively probe
spatial regions few tens of nm near the ETL or far from it.
In Fig. 2 PL decays at room temperature, after excitation
with photons of 2.06 eV, are compared for the different sam-
ples, while in the inset a PL spectrum at room tempera-
ture is shown: typical spectra of the tetragonal phase are
observed31,32. By exciting from side A (Fig. 2a), the PL de-
TABLE I. List of the investigated samples and description of their
corresponding ETLs.
Sample ETL
Reference No ETL
ETL 1 mTiO2
ETL 2 G+mTiO2
ETL 3 mTiO2 plus GO-Li
ETL 4 G+mTiO2 plus GO-Li
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FIG. 2. PL decay (at the PL peak energy) and PL spectra (in the inset)
at room temperature, after ps excitation at 2.06 eV with an average
intensity of 10 W/cm2. a) From side A. b) From side B.
cays are identical for all samples and no effect related to the
presence of the ETL is detected. In contrast there is a sig-
nificant difference in the PL decay by exciting from side B
depending on the sample, as shown in Fig. 2b: faster decays
are observed in presence of ETL, especially when graphene
and/or GO-Li are used. It is worth noting that the PL decay of
reference sample excited from side B is slower with respect to
the decays of side A. This can be attributed to non-radiative
states at the surface of the uncovered perovskite film (side A).
To extract information about the efficiency in the carrier
injection from perovskite to ETL, we first fitted the decays of
Fig. 2b with a double exponential20,33, taking into account the
laser pulse repetition period34. The fitting function I(t) can
be written as
I(t) = f(t) + g(t) (1)
where f(t) is the original double exponential and g(t) the cor-
rection term due to the intrinsic periodic nature of TCSCP
measurements34:
f(t) = Θ(t− t0)[Ce−(t−t0)/τ1 + (1− C)e−(t−t0)/τ2 ] (2)
g(t) = C
e−(t−t0)/τ1
eT/τ1 − 1 + (1− C)
e−(t−t0)/τ2
eT/τ2 − 1 (3)
In the previous equations θ(t) is the Heaviside function, τ1 and
τ2 are the decay time constants, T is the laser pulse repetition
period (13.15 ns), C is the contribution of τ1 exponential to
the fit and t0 is a constant. The results obtained by the fitting
procedure are reported in Tab. II. Inserting graphene-based
ETLs in the samples reduces τ1 from 25 ns to 15 ns while the
reduction of τ2 depends on the ETL. In the literature20,33 the
longer decay constant (τ1) is ascribed to the radiative recom-
bination in MAPI while the shorter decay constant can be at-
tributed to the carrier removal from MAPI layer towards the
ETL.
To get rid of the local inhomogeneities in the samples,
which can give rise to variation of the TI-PL intensity and
considering that the PL time evolution does not depend on the
detection spot, we estimate the TI-PL intensity from the PL
decay. It turns out that we can express the integrated PL in-
tensity (IPL) as
IPL = ηP, (4)
TABLE II. Results of the fits of data of Fig. 2b: τ1 and τ2 are the
decay time constants, C is the contribution of τ1 to the fit and η is
the radiative efficiency.
Sample τ1 (ns) τ2 (ns) C η
Reference 25 – 1.00 1
ETL 1 25 2.05 0.43 0.48
ETL 2 15 1.99 0.36 0.27
ETL 3 15 1.24 0.20 0.16
ETL 4 15 1.30 0.34 0.24
where η is the radiative efficiency and P is the pump inten-
sity, equals to 10 W/cm2 for all the TR-PL measurements. As-
suming a unitary radiative efficiency for the reference sample,
we can evaluate the change in η for the different ETLs (see
Tab. II). Lower η is obtained in case of ETLs 2, 3 and 4: thus
the insertion of graphene and/or GO-Li interlayer improves
the electron capture from perovskite to ETL by a factor be-
tween two and three with respect to ETL 1. We want to re-
mark that this result does not necessarily imply an increase
of the solar cell short circuit current density (Jsc) of the same
amount. In fact hole collection by the hole transport layer35
and non-radiative recombination in the ETL have to be taken
into account. However, as shown in the Supporting Informa-
tion, a significant increase of Jsc is measured for complete cell
when ETL 4 is used.
More insight in the role of the ETL can be obtained by PL
spectra at low temperature (T = 11 K). In Fig. 3 PL spec-
tra, obtained by exciting the samples from side A (Fig. 3a)
and side B (Fig. 3b), are reported. The PL spectra from side
A show two peaks. As expected for T < 150 K in MAPI
perovskite31,36, the peak at about 1.65 eV is attributed to the
orthorhombic phase of MAPI. But the major contribution to
the spectra comes from the other peak, centered at 1.55 eV.
This emission is likely due to the sum of two contributions:
the radiative recombination arising from the residual tetrago-
nal phase at 1.56 eV and the radiative recombination from lo-
calized states below 1.52 eV. In the literature, these localized
states are identified with radiative traps17,37 or, recently, to
methylammonium-disordered domains in orthorhombic phase
of MAPI32. We want to remark that, in both interpretations of
the low energy side emission as radiative traps or disordered
domains, a carrier localization is present. More relevant is the
fact that the low energy states are radiative and do not produce
a loss of photogenerated carriers.
Considering that the absorption length of the MAPI film at
about 2 eV is roughly 200 nm30 and that the thickness of the
perovskite layer in our samples is about 350 nm (see Fig. S5 in
the Supporting Information), we can conclude that the emis-
sion, exciting from side A, comes mostly from the MAPI film
and that no effect related to the presence of the ETL is de-
tected. On the contrary, the excitation from side B can re-
veal the ETL effect on the MAPI. As a matter of fact, relevant
differences are observed between the emissions from side B
(Fig. 3b). First of all we observe a smaller contribution of
the orthorhombic phase for all the samples with respect to the
excitation from side A. Moreover, in the case of GO-Li plus
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FIG. 3. TI-PL spectra at 11 K for the various samples after excitation
at 2.06 eV with an average intensity of 10 W/cm2. a) From side A.
b) From side B.
G+mTiO2 (ETL 4), we detect a strong reduction of the radia-
tive traps at 1.52 eV and the dominance of the emission from
the tetragonal phase at 1.56 eV.
Such results suggest that an incomplete phase transition oc-
curs for the perovskite wrapped into the mesoporous ETL
layer. In particular, in the case of ETL 4, where the PL
lineshape shows a negligible low energy tail and a smaller
linewidth with respect to the other samples, we can argue that
the crystallization of the MAPI film is very good, as also con-
firmed by the scanning electron microscopy (SEM) image re-
ported in Fig. S4 of the Supporting Information. However, the
interaction of MAPI and ETL inhibits the phase transition, at
least for a thickness of about 200 nm (see SEM cross section
in Fig. S5 of the Supporting Information). In order to confirm
and test our hypothesis we performed PL measurements as a
function of temperature, excitation wavelength and excitation
power.
In Fig. 4a we report the emission spectra of ETL 4 ex-
citing from side A, varying the sample temperature from
10 to 300 K. As already shown before, at low temperature
we observe two bands, one at 1.65 eV corresponding to the
orthorhombic phase and one at about 1.55 eV correspond-
ing to the sum of the emission from optically active trap
states and the emission from a residual tetragonal phase. As
expected32,36–38, increasing the temperature, the orthorhom-
bic phase emission shifts at higher energy (see Fig. 4c), show-
ing a monotonic increase of its full width at half maximum
(FWHM) (see Fig. 4d), and it disappears above 150 K, where
the phase transition of MAPI from orthorhombic to tetrago-
nal phase occurs. By increasing the temperature, the low en-
ergy band shows instead the typical S shape both in the peak
emission energy (see Fig. 4c) and its FWHM (see Fig. 4d).
This is an indication of the phase transition from orthorhom-
bic to tetragonal phase, with the concurrent lower contribu-
tion of the traps. Above 150 K the PL spectrum has only one
peak, arising from the tetragonal phase emission, which con-
tinues to monotonically blue shift increasing the temperature
(see Fig. 4c), as expected32,36–38. Apart from different rela-
tive weights of the emission bands, for all samples we find PL
spectra very similar to the one of the sample with ETL 4 when
the excitation is performed from side A.
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FIG. 4. Temperature-dependent measurement on ETL 4 by ex-
citing with photon energy of 2.06 eV with an average intensity of
10 W/cm2. The labels D, T and O stand for defects (trap states),
tetragonal and orthorhombic, respectively. a) PL spectra from 10 to
300 K after excitation on side A. b) PL spectra from 10 to 300 K af-
ter excitation on side B. c) Position of the PL peaks of the spectra
in Fig. 4a and Fig. 4b as a function of temperature. The excitation
side is indicated in brackets. d) FWHM of the PL peaks of Fig. 4a
and Fig. 4b as a function of temperature. The excitation side is indi-
cated in brackets. Red solid line shows the fitting of FWHM through
Eq. (5).
A very similar trend with temperature, as shown in Fig. 4a
for ETL 4, is found for ETL 1, 2 and 3, irrespective of the
excitation side, and this trend is commonly reported in the
literature32. On the contrary, relevant differences are observed
in case of ETL 4 exciting from side B (Fig. 4b). By increasing
the temperature, the PL spectrum shows a single band, corre-
sponding to the tetragonal phase, with a monotonic increase of
the emission energy (see Fig. 4c) and the FWHM (see Fig. 4d).
Such behavior indicates that the MAPI film embedded in the
mesoporous ETL side remains in the tetragonal phase even
down to 10 K.
The FWHM of the PL bands as a function of temperature
can be fitted taking into account the temperature-independent
inhomogeneous broadening and the interaction between car-
riers and acoustic and longitudinal optical (LO) phonons32,38,
using the following equation:
Γ(T ) = Γ0 + γacT +
γLO
eELO/kBT − 1 , (5)
where Γ0 is the inhomogeneous broadening, γac and γLO are
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FIG. 5. a) Normalized PL spectra of ETL 4 at T = 11K, after excita-
tion at 2.06 eV, for different excitation densities and excitation sides
(in brackets). I0 corresponds to an average intensity of 10 W/cm2. b)
Normalized PL spectra of ETL 4 at T = 11K for different excitation
photon energies and excitation sides (in brackets).
the acoustic and LO phonon-carrier coupling strengths, re-
spectively, and ELO is the LO phonon energy. We fitted the
FWHM data extracted from the PL from side A: in particu-
lar we considered the orthorhombic phase from 10 K to 150 K
and the tetragonal phase from 150 K up to room temperature.
If the two set of data can be fitted with a single function, we
can conclude that the acoustic and optical phonons causing
the PL line broadening have very similar energies for the two
phases. The solid line in Fig. 4d shows the best fitting curve
and a good agreement is reached between the data and the
model with the fitting parameters Γ0 = (23 ± 1) meV, γac =
(30± 5) µeV/K, γLO = (75± 5) meV, ELO = (19± 1) meV.
These values well agree with data in the literature32,38.
A further evidence proving that the emission band at low
temperature in ETL 4 must be attributed to a tetragonal crys-
talline phase of MAPI with good quality, is given in Fig. 5a.
We report two spectra, already shown before, from side A (red
curve) and side B (black curve), acquired at the same average
excitation intensity I0 = 10 W/cm2. Decreasing the excita-
tion intensity by one order of magnitude, the emission from
side B changes completely, showing a spectrum (blue curve)
similar to the side A (red curve), with the dominant contri-
bution of the traps and a small signal from the orthorhombic
phase. This is explained by the fact that, lowering the power
density, only the trap energy levels close to the band gap tail
are filled. In addition, the PL spectrum of the sample ETL 4,
obtained by exciting from side B with an intensity of I0/10
(blue curve in Fig. 5a), is very similar to the spectra of the
ETLs 1, 2 and 3 (Fig. 3b) by exciting from side B with an
higher intensity I0. This means that the trap density in the
mesoporous region of MAPI in ETL 4 is lower, of about one
order of magnitude, with respect to the other samples. This re-
sult agrees with the better crystal quality found by SEM anal-
ysis for ETL 4 (see Fig. S4 in the Supporting Information).
As stated previously, to confirm that the crystalline nature
of the film changes when in contact with the ETL, in particu-
lar in presence of GO-Li plus G+mTiO2, we probed the ETL
4 along the thickness exploiting the different absorption coef-
ficient of MAPI varying the excitation photon energies. We
spanned the range from 1.73 to 3.1 eV, where FTO and cTiO2
have a low and nearly constant absorption. The result of this
experiment, performed at 11 K, is reported in Fig. 5b. Let
us focus on side B. At high photon energy excitation, 3.1 eV
(blue curve) and 2.06 eV (orange curve), the MAPI is excited
for a few tens of nanometers close to the ETL and, as already
observed above, the spectra show only the tetragonal phase
(which should not be observed at this temperature since the
only stable phase below 150 K is the orthorhombic). Decreas-
ing the excitation photon energy down to 1.73 eV, the absorp-
tion coefficient of MAPI decreases and therefore the sample
is excited more uniformly in depth. The resulting spectrum
(red curve) shows an increase of the contribution of the or-
thorhombic phase. For comparison, a spectrum from side A
with an excitation of 2.06 eV is reported (black curve). The
comparison of this spectrum with that at 1.73 eV from side B
(red curve) shows, apart from a difference in the intensity of
the orthorhombic phase, exactly the same contribution from
the radiative traps and the tetragonal phase. The observed be-
havior proves that the crystalline nature of MAPI at low tem-
perature is influenced by the interaction with the ETL, which
inhibits the MAPI phase change into the orthorhombic form.
Our results demonstrate a substantial improvement of the
active layer morphology of ETL 4 with an efficient carrier
capture from the ETL. This is confirmed by a remarkable in-
crease in power conversion efficiency (PCE) for complete de-
vices, obtained by I-V characterization (see Fig. S6, S7 and
Tab. S1 in the Supporting Information), which is mainly as-
cribed to an improved short circuit current density (JSC).
III. CONCLUSIONS
We investigated the effects of different graphene-based
ETLs in sensitized MAPI photoelectrodes. In particular we
have compared four different samples with the following
ETLs: mTiO2, G+mTiO2, mTiO2 plus GO-Li interlayer and
G+mTiO2 plus GO-Li interlayer. We have studied the ETL
effects on the carrier collection efficiency and on the MAPI
morphology and quality along the thickness. In presence of
ETL, we found faster PL decays by exciting on FTO side with
respect to the MAPI side which is explained by efficient elec-
tron removal from MAPI layer due to the ETL. In particular
an increase of the electron collection efficiency up to a factor
3 with respect to standard mTiO2 is reported.
Moreover, the MAPI layer embedded in G+mTiO2 plus
GO-Li ETL shows a crystalline quality much better than the
other samples, with a trap density about one order of mag-
nitude lower. Exploiting the dispersion of the MAPI absorp-
tion coefficient, we could probe the sample along the thick-
ness, finding that the morphology of the MAPI film embed-
ded in the G+mTiO2 plus GO-Li ETL is frozen in the tetrag-
onal phase, regardless of the temperature. Moreover, the ob-
served morphology improvement of the MAPI encapsulated
in the mTiO2 plus GO-Li layer supports the increased effi-
ciency measured for the complete devices.
Finally, our results show that graphene based ETLs signif-
icantly improve both the carrier collection and the crystalline
quality of the active material, opening new routes to the de-
velopment of efficient and stable MAPI solar cells.
6IV. EXPERIMENTAL SECTION
Sample preparation. Solar cells photoelectrodes were pre-
pared on Fluorine-doped Tin Oxide (FTO) conductive glass
(Pilkington TEC 8, 8 Ω/, 25 mm × 25 mm). The sub-
strates were cleaned in an ultrasonic bath, using three se-
quential steps: detergent with de-ionized water, acetone and
2-Propanol (10 min for each step). The substrates were cov-
ered by a compact layer of TiO2 (cTiO2). A solution of acety-
lacetone (2 mL), titanium diisopropoxide (3 mL) and ethanol
(45 mL) was deposited onto the FTO substrates by Spray Py-
rolysis Deposition at 450 ◦C. The final thickness of the cTiO2
layer was measured about 50 nm by a Dektak Veeco 150 pro-
filometer.
The mTiO2 layer was obtained starting by an ethanol so-
lution of 18NR-T titania paste (Dyesol) dissolved in pure
ethanol (1:5 by weight), stirred overnight. The graphene-
doped mTiO2 was obtained by adding sonicated graphene ink
(1% in vol.), prepared by dispersing 5 g of graphite flakes
(+100 mesh, ≥75%, Sigma Aldrich) in 500 mL of N-methyl-
2-pyrrolidone, NMP (Sigma Aldrich). The initial dispersion
was ultrasonicated (VWR) for 6 hours and subsequently ul-
tracentrifuged using a SW32Ti rotor in a Beckman-Coulter
Optima XPN ultracentrifuge at 10000 rpm (∼12200 g) for 30
mins at 15 ◦C. After ultracentrifugation, the upper 80% su-
pernatant was extracted by pipetting. The concentration of
the graphitic flakes is calculated from the OAS (see Fig. S1 in
the Supporting Information), giving a concentration of 0.25 g
L−1. The morphology of the flakes, i.e., lateral size and
thicknesses are characterized by transmission electron mi-
croscopy (TEM) and atomic force microscopy (AFM), respec-
tively (see Fig. S2 in the Supporting Information) giving a lat-
eral size distribution of 150 nm and thickness of 1.7 nm. Ra-
man spectroscopy data are found in the Supporting Informa-
tion (see Fig. S3). Both standard mTiO2 and G+mTiO2 dis-
persions were sonicated 10 min prior to be spin-coated in air
at 1700 rpm for 20 s onto the cTiO2 surface, followed by a
calcination step at 450 ◦C for 30 min.
The GO-Li interlayer was realized by spin coat-
ing (2000 rpm for 10 s) 200 µL of GO-Li dispersion in
ethanol/H2O (3:1) prepared as reported in Ref. 39. After the
deposition, the substrates were annealed at 110 ◦C for 10 min.
The photo-electrodes were completed by depositing the
perovskite active layer in dry conditions (relative humidity
less than 30%) by a double step method: a lead iodide
solution (PbI2 in N,N-dimethylformamide, 1 M, heated
at 70 ◦C) was spin coated at 6000 rpm for 10 s on heated
substrates (50 ◦C) which were then dipped into a CH3NH3I
(Dyesol) in anhydrous 2-propanol solution (10 mg/mL) for
15 min. Finally, the samples were heated at 80 ◦C for 20 min
in air. The MAPI absorbing layer has a typical thickness
of 350 nm with a perovskite penetration into mesoporous
layer of about 200 nm. The samples were not encapsulated.
Complete solar cells were realized with the same structure
of the investigated samples to compare the PL results with
the current-voltage (I-V ) characteristics. In the case of
complete devices doped spiro-OMeTAD (73.5 mg/mL) in
chlorobenzene solution doped with tert-butylpyridine (TBP
26.77 µL/mL), lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI 16.6 µL/mL), and cobalt(III) complex (FK209 from
Lumtec, 7.2 µL/mL) is spin coated (2000 rpm for 20 s) onto
the tested photo-electrodes. The final devices are completed
by Au counter-electrode thermal evaporation (100 nm). I-V
characteristics are recorded under AM1.5G solar simulator
Solar Constant from KHS at 1000 W/m2 (1 sun). Results on
the solar cells are shown in the Supporting Information.
Optical Absorption Spectroscopy (OAS). The OAS of the
as-produced inks was carried out in the 300-1000 nm range
with a Cary Varian 5000i UV-vis-NIR spectrometer. The
absorption spectra was acquired using a 1 mL quartz glass
cuvette. The ink is diluted to 1:7 in NMP. The NMP sol-
vent baseline was subtracted. The concentration of graphitic
flakes is determined from the extinction coefficient at 660 nm,
using A = αlc where l [m] is the light path length, c
[gL−1] is the concentration of dispersed graphitic material,
and α [Lg−1m−1] is the absorption coefficient, with α ∼
1390 Lg−1m−1 at 660 nm.40
Transmission electron microscopy (TEM). The exfoli-
ated flakes morphology is characterized by using a TEM
JOEL JEM 1011, using an acceleration voltage of 100 kV. The
sample preparation was performed diluting the ink in NMP
(1:10). 20 µL of the diluted sample were drop cast on copper
grids (200 mesh), and dried in vacuum overnight. Statistical
analyses are fitted with log-normal distributions.
Atomic force microscopy (AFM). The dispersions are di-
luted 1:30 in NMP. 100 µL of the dilutions are drop-casted
onto Si/SiO2 wafers. AFM images are acquired with Bruker
Innova AFM in tapping mode using silicon probes (frequency
= 300 kHz, spring constant = 40 Nm−1). Statistical analysis
are fitted with log-normal distributions.
Raman spectroscopy. The graphene inks are drop-cast
onto Si/SiO2 wafers (LDB Technologies Ltd.) and dried under
vacuum. Raman measurements are collected with a Renishaw
inVia confocal Raman microscope using an excitation line of
514 nm with a 100X objective lens, and an incident power of
∼ 1 mW on the sample. 20 spectra are collected for each sam-
ple. Peaks are fitted with Lorentzian functions.
Scanning electron microscopy (SEM). Electrodes are im-
aged by aim of a field-emission scanning electron microscope
FE-SEM (JOEL JSM-7500 FA). The acceleration voltage is
set at 5 kV. Images are collected using the in-lens sensors (sec-
ondary electron in-lens image, SEI) and the secondary elec-
tron sensor (lower secondary electron image, LEI). No coating
is applied.
Photoluminescence spectroscopy (PL). PL experiments
were performed, in a quasi back-scattering geometry, keep-
ing the samples in a closed cycle cryostat and the temperature
was changed from 10 to 300 K. Time integrated photolumi-
nescence (TI-PL) measurements were performed exciting the
samples by different mode-locked ps laser sources: a tunable
(700–850 nm and 350–425 nm with the second harmonic gen-
erator) Ti-Sapphire laser operating at 81.3 MHz repetition rate
with 1.2 ps pulses and a 4 ps Rhodamine 6G dye laser syn-
chronously pumped by the second harmonic of a mode-locked
Nd-YAG laser, operating at 76 MHz. The PL signal was spec-
trally dispersed by a 50 cm monochromator providing a spec-
7tral resolution of 1 meV and detected by a microchannel plate
photomultiplier. Time resolved (TR-PL) measurements were
carried out exciting the samples by the ps dye laser operating
at 600 nm and using time-correlated single photon counting
technique (TCSPC) with a temporal resolution of about 60 ps.
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